Brief history of folate, methotrexate, and chemotherapy
=======================================================

An understanding of glucarpidase depends on some knowledge of folic acid and methotrexate. In the earlier half of the 20th century, scientists were working out the dietary requirements for human health. During this time, it was recognized that vitamins were small molecules required in the diet, and that deficiencies resulted in specific syndromes.[@b1-tcrm-8-403],[@b2-tcrm-8-403] Folic acid, or vitamin B9, is a water-soluble vitamin which functions within cells in reduced forms, primarily as tetrahydrofolates subject to polyglutamylation by the enzyme folylpolyglutamate synthetase. Intracellular tetrahydrofolates act as carriers of a wide variety of one-carbon units, and can carry formyl, methenyl, methyl, and methylene groups. Each functions in specific pathways, including biosynthesis of purines, thymidylate, and amino acid metabolism. Adequate folate nutrition is therefore necessary for normal cell growth.

The fundamental role of folates in cell division, especially DNA synthesis, is why folic acid analogs (antifolates) such as methotrexate (amethopterin) and aminopterin, were explored as chemotherapeutic agents.[@b3-tcrm-8-403] In 1948, aminopterin was first successfully used to treat acute lymphocytic leukemia in children.[@b4-tcrm-8-403] Though remissions proved to be temporary, this study provided hope for this line of chemotherapy research. Aminopterin varies from folate by an amino group, while methotrexate also possesses an N-methyl group ([Figure 1](#f1-tcrm-8-403){ref-type="fig"}). This likely explains why subsequent studies showed methotrexate to have the more favorable therapeutic index. Methotrexate is taken up into cells via the same systems as reduced folates.[@b5-tcrm-8-403] During cellular metabolism, it is acted upon by folylpolyglutamate synthetase, which adds a polyglutamate tail.[@b6-tcrm-8-403] This tail both increases cellular retention and alters bioactivity.[@b3-tcrm-8-403] The classical target of methotrexate is dihydrofolate reductase, but methotrexate and its cellular metabolites accumulate within the cell and interfere with other reactions, including thymidylate synthase, further contributing to its action.[@b6-tcrm-8-403],[@b7-tcrm-8-403] Methotrexate is currently used to treat a variety of cancers, including bladder cancer, breast cancer, head and neck cancers, choriocarcinoma, acute lymphocytic leukemia, non-Hodgkin's lymphoma, lung cancer, osteosarcoma, meningeal leukemia and carcinomatous meningitis, gestational trophoblastic carcinomas, and colorectal cancer.[@b8-tcrm-8-403],[@b9-tcrm-8-403] Methotrexate is administered via the oral, intravenous, intra-arterial, and intrathecal routes. Side effects include myelosuppression (especially neutropenia), alopecia, nausea, vomiting, mucositis, renal damage, and occasionally portal fibrosis and cirrhosis. While common (and relatively minor) side effects of intrathecal methotrexate include headache, fever, vomiting, meningismus, erythematous rash, and pleocytosis of the cerebral spinal fluid, more severe toxicities can include paralysis, cranial nerve palsies, seizures, coma, demyelinating encephalopathy, and death.[@b8-tcrm-8-403],[@b9-tcrm-8-403]

Because of the variety of pathologies for which methotrexate is prescribed, there is no standard dosing regimen.[@b9-tcrm-8-403] Methotrexate is used as a single low-dose oral medication for treatment of psoriasis and rheumatoid arthritis, though the mechanism of action is not understood and may not be related to inhibition of dihydrofolate reductase.[@b10-tcrm-8-403] Methotrexate is used in higher doses for acute lymphocytic leukemia and for central nervous system lymphomas.[@b9-tcrm-8-403] For other cancers, it is often used in combination with other medications. Intrathecal use of methotrexate may be as a single agent or in combination.

Renal toxicity is primarily associated with high-dose therapy, probably because the primary route of excretion for methotrexate and its metabolites is the kidneys. High-dose methotrexate therapy typically involves doses of 1--12 g/m^2^, with the duration of infusion varying from 0.3 to 24 hours.[@b11-tcrm-8-403] Side effects vary depending on both the dose and schedule. Renal damage is thought to occur either by precipitation of methotrexate and its breakdown products in the renal tubules, or from a direct toxic effect of methotrexate.[@b12-tcrm-8-403],[@b13-tcrm-8-403] The solubility of methotrexate increases with pH, so urine alkalinization and intravenous hydration are necessary treatments accompanying high-dose methotrexate.[@b9-tcrm-8-403] Patients should be screened for adequate hepatic, renal, and bone marrow function; urinary pH should be greater than 7.0, and urinary output should be greater than 100 mL per hour prior to administration of methotrexate. These are typically achieved and maintained with supplemental sodium bicarbonate and 2.5--3.5 L/m^2^/day of intravenous fluids.[@b11-tcrm-8-403]

Some medications may increase the possibility of adverse drug reactions when coadministered with methotrexate, and may precipitate a need for glucarpidase treatment.[@b8-tcrm-8-403],[@b14-tcrm-8-403] The most common pharmacokinetic interaction observed clinically involves coadministration with one of the benzimidazole proton pump inhibitors; these compounds are associated with delayed elimination of methotrexate, and therefore an increased incidence of toxic levels of the antifolate.[@b15-tcrm-8-403]

History of carboxypeptidase 2 and related enzymes: purification, characterization, and cloning
==============================================================================================

A variety of bacterial enzymes have been identified which can remove the carboxyl glutamate from folate and its analogs ([Table 1](#t1-tcrm-8-403){ref-type="table"}). It was observed as early as 1955 that certain bacteria had the capacity to inactivate folate analogs such as methotrexate, presumably via enzymatic cleavage.[@b16-tcrm-8-403] Enzymes with the ability to cleave folate and its derivatives have largely been isolated from soil organisms. In 1967, Levy and Goldman published several studies in which they purified and characterized an enzyme from a *Pseudomonas* strain which could liberate glutamate from methotrexate (K~m~ 200 μM), aminopterin, and folate.[@b17-tcrm-8-403] At that time, the authors viewed the potential significance of the enzyme as a clinically useful assay for methotrexate levels in clinical samples.[@b17-tcrm-8-403],[@b18-tcrm-8-403] The following year, Pratt et al partially purified and characterized a similar enzyme from a *Flavobacterium* strain, which they termed folate amidase.[@b19-tcrm-8-403] Their study was motivated by the need to isolate large amounts of pteroic acid, which at the time was a limiting reagent for development of new folate antagonist chemotherapies. In 1971, carboxypeptidase G1 was isolated from *Pseudomonas stutzeri*,[@b20-tcrm-8-403] and compared with the enzymes of earlier studies, this enzyme was more purified and showed more favorable kinetic properties. Naturally reduced folates (including 5-methyl-tetrahydrofolate and 5-formyl-tetrahydrofolate, also known as leucovorin and citrovorum factor, respectively) were also excellent substrates, but with K~m~ values in the 10--20 μM range. These authors recognized the potential value of the enzyme, not only in preparing pteroic acid, but also as a potential antineoplastic agent, due to its ability to cleave both reduced and oxidized folates. In 1978, Albrecht et al partially characterized a carboxypeptidase from a *Flavobacterium* species.[@b21-tcrm-8-403]

In 1983, the gene for carboxypeptidase G2 was cloned from *Pseudomonas*, first in *Escherichia coli* and subsequently in *Pseudomonas putida*;[@b22-tcrm-8-403] expression in the latter was 30-fold higher than in *E. coli*. This protein possessed properties which were different from the earlier characterized carboxypeptidases, hence the distinct name. Carboxypeptidase G2 requires divalent zinc cations and is composed of two 42 kDa subunits. The complete nucleotide sequence of the gene was subsequently determined.[@b23-tcrm-8-403] Optimized expression enabled enhanced purification yielding homogeneous protein.[@b24-tcrm-8-403] These studies demonstrated that among this family of enzymes, carboxypeptidase G2 displayed the best ability to differentiate between methotrexate and 5-methyl tetrahydrofolate (CH~3~THF), the circulating form of folate, and thereby paved the way for clinical use of recombinant carboxypeptidase G2. Since carboxypeptidase G2 has found clinical application, the crystal structure of the enzyme has been analyzed as well, enabling the potential for designing enzymes with variable functionality.[@b25-tcrm-8-403]

The physiological role of carboxypeptidase enzymes within the bacterial cell remains unknown. They may function in a folate catabolic or a salvage pathway similar to that proposed for *p*-aminobenzoyl-glutamate hydrolase, a manganese-dependent enzyme isolated from *E. coli* which hydrolyzes *p*-aminobenzoyl-glutamate, the folate catabolite, to form *p*-aminobenzoic acid and glutamate.[@b26-tcrm-8-403]--[@b28-tcrm-8-403] However, folate is a very poor substrate for this enzyme.

Mechanism of action of glucarpidase
===================================

As an enzyme, glucarpidase rapidly converts methotrexate to the amino acid glutamate and 2,4-diamino-N^10^-methylpteroic acid (DAMPA, see [Figure 2](#f2-tcrm-8-403){ref-type="fig"}).[@b24-tcrm-8-403] Using Rhesus monkeys, Widemann et al studied the pharmacokinetics and metabolism of DAMPA.[@b29-tcrm-8-403] DAMPA was infused over 15 minutes into the monkeys; after reaching a serum concentration of about 50 μM, DAMPA was eliminated rapidly, falling to less than 1 μM within 1--2 hours. About 50% of the DAMPA was excreted in urine and about 50% was metabolized by the liver into hydroxyl-DAMPA, DAMPA-glucuronide, and hydroxy-DAMPA-glucuronide. These latter compounds were identified in both the blood and urine of the monkeys, and also in similar samples from patients treated for methotrexate toxicity with carboxypeptidase G2. Using a human leukemic cell line, they found that DAMPA was not toxic in itself, nor did it alter the cytotoxicity of methotrexate. They concluded that conversion of methotrexate to DAMPA relieves stress on the kidneys for elimination of methotrexate and generates a relatively nontoxic compound.

Successful cleavage of methotrexate by glucarpidase results in elevations of glutamate and DAMPA in the bloodstream. Because methotrexate levels are frequently monitored during patient treatment, one should note that DAMPA can interfere with such monitoring. Methotrexate can be measured using a variety of tests, including dihydrofolate reductase assays, an antibody-based immunoassay, and a high-pressure liquid chromatography method.[@b30-tcrm-8-403] However, the antibody-based methods cross-react with the breakdown products of methotrexate, and are not a reliable measure of methotrexate levels in samples from patients after treatment with glucarpidase.

Animal studies of carboxypeptidase G2 for methotrexate toxicity
===============================================================

There are only two animal studies in the literature concerning use of carboxypeptidase G2 for treatment of methotrexate overdose. The first study, in 1991, involved use of adult Rhesus monkeys to investigate intrathecal carboxypeptidase G2 for treatment of intrathecal overdose of methotrexate.[@b31-tcrm-8-403] Using three groups (with three monkeys per group), they first determined the pharmacokinetics in cerebrospinal fluid. One group received methotrexate alone (5 mg, equivalent to 50 mg for humans), another group received methotrexate followed by carboxypeptidase G2 (30 U) five minutes later, and another group received carboxypeptidase G2 alone. In the first group of monkeys, methotrexate reached a concentration of about 3000 μM in the cerebrospinal fluid, with an area under the curve of about 4300 μM × hour. In the group treated with methotrexate and carboxypeptidase G2, cerebrospinal fluid levels of methotrexate decreased by greater than 400-fold within 5 minutes of carboxypeptidase G2 administration; the area under the curve decreased by 80-fold to about 51 μM × hour. Elevations in mononuclear cells were observed in the cerebrospinal fluid of animals receiving carboxypeptidase G2 alone, but no symptoms were apparent. In the second phase of experiments, monkeys were subjected to a toxic intrathecal methotrexate dose and were then rescued using carboxypeptidase G2. Two groups of three monkeys each were either treated with 25 mg or 50 mg of intrathecal methotrexate, followed immediately by 150 U or 300 U, respectively, of intrathecal carboxypeptidase G2. These methotrexate doses were equivalent to 250 mg or 500 mg in humans. While one monkey (receiving the 25 mg dose) experienced a seizure, all six monkeys, regardless of dose, were successfully rescued by carboxypeptidase G2, which reduced the methotrexate levels in all animals by about 1000-fold. However, all animals also demonstrated an asymptomatic elevation of mononucleocytes in cerebrospinal fluid. The data from this study show that carboxypeptidase G2 is promising as a rescue agent for intrathecal methotrexate toxicity.

Follow-up studies in monkeys were performed to investigate the pharmacokinetics of carboxypeptidase G2 as an alternative to leucovorin for "rescue" treatment of toxic overdoses in serum, and as a secondary goal, they investigated the effects of anti-carboxypeptidase G2 antibodies on the effectiveness of carboxypeptidase G2.[@b32-tcrm-8-403] Leucovorin (5-formyltetrahydrofolate) is a form of reduced folate. Like methotrexate (and unlike carboxypeptidase G2) it is taken up and metabolized by cells. While leucovorin administration was commonly used as a rescue agent, it was unclear whether tumor cells were rescued as well as nontumor cells. To investigate the possible superiority of carboxypeptidase G2 as a rescue agent, two groups of monkeys (three in each group) were studied. One group was given a loading dose followed by a continuous 18-hour intravenous infusion of methotrexate designed to maintain a steady-state plasma concentration of approximately 10 μM. At the end of the infusion, carboxypeptidase G2 50 U/kg was administered. Three control animals were treated similarly with methotrexate, but with saline substituted for the carboxypeptidase G2. The results showed that the average concentration of methotrexate during infusion was maintained at 11 μM. Treatment with carboxypeptidase G2 diminished plasma methotrexate levels by over 100-fold within 15 minutes, and nontoxic levels of methotrexate were achieved within 30 minutes of administration of carboxypeptidase G2. The post-infusion area under the curve for the methotrexate-infused animals treated or untreated with carboxypeptidase G2 was 301 μM and 20 μM, respectively. With regard to the secondary goal, monkeys were treated with repeated doses of carboxypeptidase G2 over time to generate antibodies. It was hypothesized that because carboxypeptidase G2 is a protein, it would stimulate synthesis of antibodies, which might bind to and diminish the effectiveness of the enzyme. Using animals confirmed to have high titers of anticarboxypeptidase G2 antibodies, the researchers administered intravenous methotrexate followed by carboxypeptidase G2 rescue. This demonstrated that even in the presence of antibodies, carboxypeptidase G2 still significantly reduced plasma methotrexate concentrations, although the effect was less dramatic than that observed in antibody-negative animals. The authors concluded that carboxypeptidase G2 was a very promising treatment for methotrexate toxicity, with the potential to supplant leucovorin.

While the above two studies are the only ones involving animals and carboxypeptidase G2, there are earlier studies describing successful use of carboxypeptidase G1 to reduce plasma methotrexate levels, which provided the foundation for later work. In 1972, Chabner et al demonstrated that carboxypeptidase G1 successfully reduced plasma methotrexate levels in mice.[@b33-tcrm-8-403] As part of this study, they also performed an experiment in which mice injected with leukemia cells were subsequently treated with methotrexate, methotrexate with leucovorin rescue, or methotrexate with carboxypeptidase G1 rescue. The latter two groups showed very similar protection from methotrexate toxicity. Further studies with carboxypeptidase G1 were not performed owing to loss of the bacterial source.

Clinical studies of glucarpidase for methotrexate overdose
==========================================================

The need to have treatment available for methotrexate overdose results in part from the observation that individuals vary widely in their tolerance to methotrexate,[@b34-tcrm-8-403] with one study of 49 cancer patients observing that the dose causing toxic effects varied between 50 and 900 mg/m^2^, ie, by a factor of 18.[@b35-tcrm-8-403] The same study investigated the predictive power of various patient characteristics with regard to the potential for a patient to experience an adverse response to methotrexate. They studied a number of factors including history of previous chemotherapy or radiation treatment, weight loss, serum albumin levels, pretreatment blood folate levels, and age. Age was the only factor found to have a predictive value. The authors suggested that this might be due to diminished renal function, which is commonly found in the elderly patient population.

Chabner et al first suggested that enzymatic cleavage of methotrexate might be used clinically in patients suffering from antifolate toxicity back in 1972.[@b33-tcrm-8-403] Because glucarpidase is used to treat dangerously high levels of methotrexate that occur due to impaired metabolism or accidental overdose, there have been no clinical studies involving a control group. However, there are a number of case studies, as well as studies involving small numbers of patients, made possible by the availability of glucarpidase on a compassionate basis for patients experiencing nephrotoxicity following high-dose methotrexate. Carboxypeptidase G2 was used for the first time in 1995 in an 18-year-old woman with osteosarcoma who had been treated with high-dose methotrexate and developed signs of hepatic and renal damage; in this patient, leucovorin rescue was associated with hypercalcemia and ventricular arrhythmia. Administration of carboxypeptidase G2 successfully decreased the patient's methotrexate levels and she eventually recovered.[@b36-tcrm-8-403] Shortly after this case, and subsequent to their very promising animal studies, Widemann et al carried out a study in 20 patients with a variety of cancers, including osteosarcoma, lymphoid cancer, and gastric cancer. Following treatment with carboxypeptidase G2 and thymidine, all patients experienced a rapid 95%--99% reduction in plasma methotrexate levels, and their serum creatinine levels returned to normal after a median of about 3 weeks.[@b37-tcrm-8-403] In the ensuing decades, a number of reports have been published detailing successful carboxypeptidase G2 treatment in patients with acute renal failure stemming from use of high-dose methotrexate to treat cancer, primarily lymphoma[@b38-tcrm-8-403]--[@b40-tcrm-8-403] and osteosarcoma.[@b40-tcrm-8-403]--[@b45-tcrm-8-403] These studies have involved both male and female patients, ranging in age from 13 years[@b42-tcrm-8-403],[@b46-tcrm-8-403] to 79 years.[@b39-tcrm-8-403] While most of these patients have been from the US or Europe and of nonspecified race or ethnicity, patients known to be Korean,[@b42-tcrm-8-403] Hispanic,[@b44-tcrm-8-403] and Middle Eastern[@b45-tcrm-8-403] have been treated successfully.

In the last ten years, several larger studies have further corroborated the promise of carboxypeptidase G2 in the treatment of methotrexate overdose on a background of renal failure ([Table 2](#t2-tcrm-8-403){ref-type="table"}). In 2005, Buchen et al reported a Phase II study in which carboxypeptidase G2 was administered to 82 patients experiencing acute symptoms related to methotrexate overdose and concomitant renal failure.[@b47-tcrm-8-403] This was a prospective, open, nonrandomized multicenter trial in patients with a median age of about 15 (range 0.9--71.8) years. Eligibility criteria included serum methotrexate levels \> 10 μM at 36 hours or \>5 μM at 42 hours after starting an infusion of methotrexate and documented renal failure. Patients suffered from a range of cancers, including acute lymphocytic leukemia, non-Hodgkin's lymphoma, osteosarcoma, brain tumors, Hodgkin's lymphoma, and pleural mesothelioma. The target carboxypeptidase G2 dose was 50 U per kg of body weight. At 15 minutes after administration of carboxypeptidase G2, the methotrexate serum level was reduced by approximately 87% and most patients survived. Despite treatment, four patients died of myelosuppression and septic complications. Because the previous study involved primarily children, Schwartz et al subsequently performed a similar study in Europe involving 43 adult and elderly cancer patients with acute lymphocytic leukemia, lymphoma, germ cell tumor, or osteosarcoma.[@b48-tcrm-8-403] Patients received glucarpidase, followed by leucovorin rescue and standard care. In the 24 patients with samples available, serum methotrexate levels decreased by \>97% in a median of 15 minutes after injection of carboxypeptidase G2. Ten of the 43 patients died of complications associated with high-dose methotrexate. Three patients were treated with glucarpidase twice during the same cycle of high-dose methotrexate; in two patients, the glucarpidase response was diminished, while serum methotrexate levels became undetectable in the third patient. The authors speculated that this might be due to inhibition of glucarpidase by DAMPA, or possibly as a result of an immune response to the enzyme.

Widemann et al performed a retrospective study of 100 cancer patients who received glucarpidase, leucovorin, and in some cases thymidine, for treatment of renal failure induced by high-dose methotrexate ([Table 2](#t2-tcrm-8-403){ref-type="table"}).[@b49-tcrm-8-403] Patients ranged in age from 0.3 to 82 years and suffered from a range of cancers. The plasma methotrexate concentration decreased by 98% within 15 minutes of injection of glucarpidase. However, administration of thymidine did not provide any additional benefit. Of the 12 patients who died, six succumbed to irreversible methotrexate toxicity and organ damage. Multiple-regression analysis identified the presence of grade 4 toxicity before glucarpidase treatment, inadequate leucovorin dosing, and glucarpidase treatment more than 96 hours after methotrexate infusion as risk factors for grade 4 and 5 methotrexate toxicity. Interestingly, 28 patients received two glucarpidase doses 24 hours apart, and seven received three glucarpidase doses every 4 hours, and glucarpidase antibodies were not detected at 3, 7, or 14 days after treatment in any of these patients. The investigators concluded that early intervention with leucovorin and glucarpidase was highly effective in the treatment of renal failure induced by high-dose methotrexate, and that repeated use of glucarpidase was possible.

In 2011, researchers at St Jude Children's Research Hospital undertook a retrospective study of pediatric cancer patients treated with high-dose methotrexate between 1998 and 2010, some of whom had received glucarpidase for nephrotoxicity. The goal of this study was to determine the safety of resuming treatment with methotrexate following such treatment.[@b50-tcrm-8-403] Of 20 children who received glucarpidase, 13 were later treated again with methotrexate. Although one patient suffered neurotoxicity with further high-dose methotrexate, renal function returned to baseline in all patients, and all survived treatment. This study demonstrates that high-dose methotrexate treatment can be resumed after treatment with glucarpidase for methotrexate nephrotoxicity.

Widemann et al analyzed data from 492 cancer patients in the US and the European Union who were treated with glucarpidase for methotrexate toxicity between 1993 and 2009; while not yet published, this work was presented at the American Society of Clinical Oncology annual meeting in 2012.[@b51-tcrm-8-403] Most (94%) of the patients had non-Hodgkin's lymphoma, osteogenic sarcoma, or acute lymphocytic leukemia, and ranged in age from 5 weeks to 85 years, with a median age of 18 years. While 76% of these patients had one dose of glucarpidase, 22% had two doses, and 2% had three doses. Of the 156 patients for whom reliable data were available, blood methotrexate levels decreased by a median of 99% relative to the preglucarpidase baseline at 15 minutes after administration of glucarpidase. Adverse reactions included paresthesia (2%), flushing (1.8%), and headache (1%). The patients who died within 30 days of glucarpidase treatment (8%) succumbed for reasons unrelated to glucarpidase.

Pharmacokinetics of glucarpidase
================================

In 2008, Phillips et al performed an open-label, single-site pharmacokinetic study in which 12 adult volunteers without cancer received glucarpidase.[@b52-tcrm-8-403] Eight subjects had normal renal function and four had impaired renal function. Each subject received a single intravenous dose of glucarpidase 50 U/kg. Subjects with normal renal function had a mean maximum serum glucarpidase concentration of 31 μg/mL, with a mean half-life of 9.0 hours and a mean area under the serum concentration-time curve of 23.4 μg × h/mL. The data for subjects with renal impairment were similar, indicating that renal impairment has a minimal effect on the pharmacokinetics of glucarpidase in the bloodstream.

Drug interactions between glucarpidase and leucovorin
=====================================================

Glucarpidase should not be administered simultaneously with leucovorin, because leucovorin serves as an alternative substrate and therefore can compete with methotrexate for the enzyme. Also, leucovorin is inactivated by glucarpidase.[@b49-tcrm-8-403],[@b53-tcrm-8-403] While glucarpidase is effective for reducing methotrexate levels in the bloodstream, it has no effect on intracellular methotrexate; because leucovorin enters cells, it combats intracellular methotrexate. Therefore, coadministration of leucovorin and carboxypeptidase G2 diminishes the effectiveness of both medications. Leucovorin rescue is often used in chemotherapy regimens in which the antifolate is administered first, and after some period of delay, leucovorin is then given.[@b54-tcrm-8-403]--[@b56-tcrm-8-403] The goal is to kill tumor cells, which typically grow rapidly and therefore take up more folate (and therefore also antifolate), and then "rescue" the normal host cells. This approach was first successfully demonstrated as early as 1954 in a mouse model of leukemia, in which Goldin et al showed that aminopterin followed by delayed administration of citrovorum factor (leucovorin) was more effective than aminopterin used alone.[@b57-tcrm-8-403] Since that time, administration of methotrexate partnered with leucovorin rescue has become an established therapy for a variety of cancers.[@b9-tcrm-8-403] It is interesting that early studies in the area of treatment for methotrexate overdose also investigated the use of carboxypeptidase G2, not as a rescue agent but as a method whereby folate levels in the bloodstream might be reduced in order to enhance the biologic effectiveness of the antifolate.[@b58-tcrm-8-403]

Side effects of glucarpidase
============================

Adverse reactions to glucarpidase are rare, but include paresthesia, flushing, nausea and/or vomiting, hypotension, pruritus, fever, and headache.[@b37-tcrm-8-403],[@b47-tcrm-8-403],[@b59-tcrm-8-403]

Dosing
======

Glucarpidase (Voraxaze^®^) is administered as a single intravenous injection of 50 U/kg body weight.[@b60-tcrm-8-403] It is supplied as a lyophilized powder, with 1000 U per vial. Treatment with glucarpidase is warranted in patients with plasma methotrexate concentrations greater than 1 μM and concomitant impaired renal function. Leucovorin should not be administered within 2 hours before or after a dose of glucarpidase.

Intrathecal use
===============

Methotrexate is used intrathecally for the treatment of cancer, usually leukemia, or to prevent metastasis via the cerebrospinal fluid. However, intrathecal overdose of methotrexate can be fatal. Given the very promising data obtained in the animal studies in which monkeys administered lethal doses of methotrexate were rescued with carboxypeptidase G2,[@b31-tcrm-8-403] it is perhaps not surprising that accidental intrathecal methotrexate overdose has been successfully treated with carboxypeptidase G2. The first case involved a 6-year-old boy with acute lymphocytic leukemia who received 600 mg of methotrexate rather than the intended 12 mg; despite acute neurotoxic symptoms he recovered fully after receiving 2000 U of intrathecal carboxypeptidase G2, which decreased his cerebrospinal fluid methotrexate by 150-fold.[@b61-tcrm-8-403] Similarly, other patients with accidental intrathecal methotrexate overdose have been treated successfully with carboxypeptidase G2, although in several instances the patients also underwent cerebrospinal fluid exchange.[@b62-tcrm-8-403] These data, although limited, suggest that carboxypeptidase G2 is a safe and effective treatment for accidental intrathecal methotrexate overdose.

Impact of pharmacogenomics
==========================

Recent advances in the burgeoning field of pharmacogenomics have resulted in greatly increased knowledge of the individual genetic alterations affecting drug metabolism, including methotrexate. Altered genes impacting methotrexate metabolism could encode for proteins involved in transport, metabolism, or function of folates and antifolates. Such differences could explain both lack of efficacy and increased toxicity. Several papers have described studies in which gene polymorphisms have been identified that impact methotrexate uptake and metabolism.[@b63-tcrm-8-403],[@b64-tcrm-8-403] While at this time one cannot order a battery of genetic tests to determine methotrexate dosing better, this sort of testing and personal dosing is on the horizon, and will possibly decrease the occurrence of toxic side effects (and the need for glucarpidase).

Other potential clinical applications for carboxypeptidase G2
=============================================================

A variety of alternative applications have been explored for bacterial carboxypeptidases. In 1972, carboxypeptidase G1 was used to deplete blood folate in a mouse leukemia model, which demonstrated that depletion of folate both successfully decreased blood folate and prolonged survival in mice.[@b65-tcrm-8-403] Later studies demonstrated that simultaneous administration of carboxypeptidase G1 and nonclassical folate antagonists (which the enzyme did not cleave) enhanced the antitumor effects of the drugs.[@b66-tcrm-8-403],[@b67-tcrm-8-403] In 1987, carboxypeptidase G2 was covalently linked to soluble dextran and injected into mice,[@b68-tcrm-8-403] and this dextran-carboxypeptidase G2 conjugate had a prolonged lifetime in the circulation. The authors proposed using such systems to target therapeutic enzymes specifically to the liver. Similarly, carboxypeptidase G2 has been used in a two-step treatment mouse model of human choriocarcinoma.[@b69-tcrm-8-403]--[@b72-tcrm-8-403] First, carboxypeptidase G2 was conjugated with a fragment of a monoclonal antibody attached to a subunit of human chorionic gonadotrophin. This was then used in conjunction with a prodrug consisting of a toxin attached to a substrate of carboxypeptidase G2. After the modified antibody-carboxypeptidase G2 conjugate was injected and allowed to localize to the tumor, the modified toxin-prodrug was injected, and the carboxypeptidase G2 released the active drug only at the tumor sites. Similarly, carboxypeptidase G2 has been used to activate phenol mustard prodrugs.[@b73-tcrm-8-403],[@b74-tcrm-8-403] More recently, carboxypeptidase G2 has been used in gene-directed enzyme prodrug therapy; this two-step approach involves first introducing the gene for carboxypeptidase G2 into the tumor via a virus or liposome, then allowing sufficient time for protein expression. Subsequently, the nontoxic prodrug is administered, and is activated specifically at the tumor site by carboxypeptidase G2.[@b75-tcrm-8-403],[@b76-tcrm-8-403] This strategy will be used in a Phase I clinical study involving patients with head and neck cancer.[@b77-tcrm-8-403] It is clear that glucarpidase or perhaps a similarly modified form of carboxypeptidase G2 may find new roles in the fight against cancer.
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###### 

Enzymes that cleave glutamate from methotrexate and folate. A low value for K~m~ corresponds to an increased affinity for the substrate. The increasing ratio of (K~m~ CH~3~THF/K~m~ methotrexate) correlates with the increasing affinity an enzyme shows for methotrexate over CH~3~THF

  **Publication year**                      **Enzyme name**       **Bacterial strain**       **Substrate (K~m~)**   **Ratio K~m~ CH~3~THF**
  ----------------------------------------- --------------------- -------------------------- ---------------------- -------------------------
  1967[@b17-tcrm-8-403]                     Carboxypeptidase      *Pseudomonas*              Methotrexate 240 μM    --
  Folate \< 1 μM                                                                                                    
  1968[@b19-tcrm-8-403]                     Folate amidase        *Flavobacterium*           Folate 91 μM           --
  1971[@b20-tcrm-8-403]                     Carboxypeptidase G1   *Pseudomonas stutzeri*     Methotrexate 3.9 μM    3.3
  Folate 1.1 μM                                                                                                     
  CH~3~THF 12.9 μM                                                                                                  
  1978[@b21-tcrm-8-403]                     Carboxypeptidase      *Flavobacterium*           Methotrexate 5 μM      1.14
  Folate 8.0 μM                                                                                                     
  CH~3~THF 5.7 μM                                                                                                   
  1983[@b22-tcrm-8-403],[@b24-tcrm-8-403]   Carboxypeptidase G2   *Pseudomonas spp. RS-16*   Methotrexate 8.0 μM    4.25
  Folate 4.0 μM                                                                                                     
  CH~3~THF 34 μM                                                                                                    

Abbreviation: CH~3~THF, 5-methyl tetrahydrofolate.

###### 

Summary of recent studies using glucarpidase for methotrexate toxicity

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                                                                      **Buchen et al[@b47-tcrm-8-403]**                                                                 **Schwartz et al[@b48-tcrm-8-403]**                                                                                                                                                                                       **Wideman et al[@b49-tcrm-8-403]**
  --------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Number of patients (F/M)                                                                            82 (65 for whom data were available) (24/41)                                                      43 (11/32)                                                                                                                                                                                                                100 (37/63)

  Age, years, range (median)                                                                          0.9--71.8 (15.4)                                                                                  18--78 (54)                                                                                                                                                                                                               0.3--82 (17)

  Pathologies represented (number of patients)                                                        ALL (26)                                                                                          ALL (13)                                                                                                                                                                                                                  Osteosarcoma (42)

  Non-Hodgkin's lymphoma (21)                                                                         Lymphoma (12)                                                                                     Non-Hodgkin's lymphoma or ALL (49)                                                                                                                                                                                        

  Osteosarcoma (12)                                                                                   CNS lymphoma (16)                                                                                                                                                                                                                                                                                                           

  Other (6)                                                                                           Other (2)                                                                                         Other (9)                                                                                                                                                                                                                 

  Methotrexate dose (range)                                                                           1--12 g/m^2^                                                                                      1.2--12.1 g/m^2^ in 3--6 hours (n = 20)                                                                                                                                                                                   0.4--12 g/m^2^ (median 7.7)

  0.9--5 g/m^2^ in 23--26 hours (n = 23)                                                                                                                                                                                                                                                                                                                                                                                          

  Patient eligibility (methotrexate levels are monitored over time following methotrexate infusion)   Serum methotrexate \> 10 μM at 36 hours or\                                                       Serum methotrexate \> 5 μM at 42 hours or later, or\                                                                                                                                                                      Serum methotrexate ≥ 10 μM at 42 hours or later, or\
                                                                                                      Serum methotrexate \> 5 μM at 42 hours or\                                                        serum methotrexate \> 1 μM at 42 hours or later with signs of renal failure (oliguria and/or serum creatinine \> 1.5 × ULN) or serum methotrexate \> 0.4 μM at 48 hours or later and signs of renal failure (see above)   serum creatinine was \>1.5 ULN or creatinine clearance was ≤60 mL/min/m^2^ and serum methotrexate was ≥ 2 standard deviations above the mean ≥ 12 hours after methotrexate administration
                                                                                                      Serum methotrexate \> 3 μM at 48 hours; and decreased diuresis or serum creatinine \> 1.5 × ULN                                                                                                                                                                                                                             

  Serum methotrexate level immediately before glucarpidase dose, range (median)                       0.52--901 (11.93) μM                                                                              1.0--1187 (10.5) μM                                                                                                                                                                                                       0.37--849 (17) μM

  Time of first glucarpidase dose relative to start of methotrexate infusion range (median)           25--178 (52) hours                                                                                27--176 (56) hours                                                                                                                                                                                                        22--294 (96) hours for 44 patients also receiving thymidine; 22--192 (66) hours for 56 patients not also receiving thymidine

  First glucarpidase dose range (median)                                                              33--60 (50) U/kg                                                                                  10--58 (50) U/kg                                                                                                                                                                                                          50 U/kg

  Glucarpidase doses (number of patients)                                                             One dose (58)                                                                                     One dose (40)                                                                                                                                                                                                             One dose (65)

  Two doses (9)                                                                                       Two doses (3)                                                                                     Two doses (28; 24 hours apart)                                                                                                                                                                                            

  Three doses (1)                                                                                                                                                                                       Three (7; every 4 hours)                                                                                                                                                                                                  

  \% decrease in serum methotrexate (determined by HPLC)                                              73%--99% (97%) (15 minutes after glucarpidase treatment)                                          97% reduction within 7--50 (median 15) minutes; based on samples from 24 patients                                                                                                                                         98.7% (15 minutes after glucarpidase treatment)

  Range (median) Patient deaths owing to methotrexate toxicity                                        4/82 (5%)                                                                                         10/43 (23%)                                                                                                                                                                                                               6/100 (6%)

  Glucarpidase side effects observed (number of patients, %)                                          Flushing (2%), shaking (1%)                                                                       Fever (2%), pruritus (2%)                                                                                                                                                                                                 Flushing (2%), feeling of warmth (2%), tingling fingers (1%), head pressure (1%), numbness and burning (2%), rash (1%), erythema and pruritus (1%)

  Glucarpidase antibodies                                                                             ND                                                                                                3/7 patients (43%)                                                                                                                                                                                                        0/100
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: CNS, central nervous system; ALL, acute lymphoblastic leukemia; HPLC, high-performance liquid chromatography; ULN, upper limit of normal; ND, not determined.
